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Although materials that exhibit nearest-neighbor-only antiferromagnetic interactions and geometrical frus-
tration theoretically should not magnetically order in the absence of disorder, few such systems have been
observed experimentally. One such system appears to be the pyrochidigCOrb However, previous struc-
tural studies indicated that Jbi,O; is an imperfect pyrochlore. To clarify the situation, we performed neutron
powder-diffraction(NPD) and x-ray absorption fine-structufXAFS) measurements on samples that were
prepared identically to those that show no magnetic order. The NPD measurements show that the long-range
structure of TRTi,O; is well ordered with no structural transitions between 4.5 and 600 K. In particular,
mean-squared displacementss for each site follow a Debye model with no offsets. No evidence for Th/Ti
site interchange was observed within an upper limit of 2%. Likewise, no excess or deficiency in the oxygen
stoichiometry was observed, within an upper limit of 2% of the nominal pyrochlore valué.Fband Ti
K-edge XAFS measurements from 20 K to 300 K similarly indicate a well-ordered local structure. Other
aspects of the structure are considered. We conclude thdi,{ has, within experimental error, an ideal,
disorder-free pyrochlore lattice, thereby allowing the system to remain in a dynamic, frustrated spin state to the
lowest observed temperatures.
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[. INTRODUCTION pable of producing a spin-liquid state. The magnetic-oxide
pyrochlores have the chemical formuks,B,0(1)s0(2)

The termgeometrical frustratioh 2 indicates when the (space groufFd3m). Here, we focus on the case where the
spins on a well-ordered lattice interact magnetically, yet in-a site is occupied by a trivalent rare-earth ion with eightfold
dividual interactions cannot reach their minimum energyoyygen coordinationA0(2),0(1)s, and theB site is occu-
configuration because of competing magnetic interactiongje py 5 tetravalent transition-metal ion with sixfold oxygen

l;rpm therl sites. A r?mpdlet .examlplel ?t(_:curs 'tﬁn at.ftwo'coordination,BO(1)6. The A and B sites individually form
Imensional, corner-shared trianguiar attice with antiterros,q.;q interpenetrating sublattices of corner-sharing tetrahe-
magnetic nearest-neighbor coupling, otherwise known as

. . . . ra. A high degree of magnetic frustration is exhibited on this
kagomelattice. The three-dimensional analog to such a laty ttice when either site is occupied by antiferromagneticall
tice is a corner-shared tetrahedral lattice, and is realized ih"1 P y 9 y

the pyrochlore systemg,,B,0;. coupled lons. ) _
Theoretically, it has been shown that Heisenberg, antifer- Materials with theA;B,0; formula unit can have various
romagnetic nearest-neighbor interacting spin systefosiot sFructures, some_of which can be thought of as defected ver-
possess a transition into an ordered state. This makes cornéions of the fluorite (Cafy unit cell. The cubic fluorite cell
sharing tetrahedral spin systems with antiferromagnetic exdas Ca atoms at the center of eight F atoms at the corners of
change ideal candidates for three-dimensional, lowa cube. This cell is analogous to one-eighth that of the oxide
temperature spin liquids. A spin-liquid state may not form if pyrochlore with a random distribution of the metal cations,
further interactions such as crystal-field anisotrdggng- ~ one oxygen vacancfthe 8a site), and the positional param-
range exchange, or dipolar interactions perturb the classicater x for the oxygens on the 48site equal to 3/8. The
spin model®. However, sinceany amount of lattice disorder rare-earth titanate pyrochlores haxe 0.3281* Obviously,
can precipitate a spin-glass phdsgeometrically frustrated these structures are related, but the mixing of the metal ions
systems that do not magnetically order to the lowest temin the fluorite structure creates multiple exchange constants,
peratures are extremely rdtelhis situation has inhibited usually resulting in a static magnetic structure. Other mate-
experimental studies that attempt to isolate the effects ofials with the stoichiometryA,B,0O, include the weberites,
frustration. For instance, lattice imperfections in several geowhich are closely related to the pyrochlore structure, but
metrically frustrated systems are thought to relieve the frusenly half the B-site ions have the sixfold oxygen coordina-
tration allowing the system to freeze. ®leorder has been tion, while the others are linked through only four vertices.
observed in the jarosites, K§&OD)g(SOy),, Which contains Despite the inherent geometrical frustration in the ideal
crt, S=2 jons on a kagomdéattice® due to vacancies on pyrochlore lattice, most pyrochlores order magnetically.
the magnetic site. Site disorder in Sgg;@alz_gpolg,lo for  Th,Ti,O;, on the other hand, appears to be the rare case of a
example, facilitates the formation of a spin-glass state, apyrochlore that does not order magnetically, exhibiting a
does intersite mixing in G@5a;0;,.1*? high degree of frustratiorithe large TB* moment has a
Significantly, the pyrochlore latti¢® appears to be ca- Curie-Weiss temperature of —19 K) down to 70 mk*>-17
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However, the pyrochlore system is also capable of producing L
a lattice with fairly subtle disorder that can precipitate a spin- ' i
glass phase, such as in the Mo-Mo near-neighbor pairs in
Y ,M0,05.1819A similar mechanism may also precipitate the
spin-glass phase in M0,0,.%° In fact, the lack of such
frozen magnetic states in 76,0, is somewhat surprising,
given the results of previous structural measurements. The
crystal structure of Tli,O; was first investigated by
Brixner’! in 1964. The most detailed structural study is re-
ported by van de Veldet al?2 The International Center for
Diffraction Data quotes van de Velde's data as the standard 8
for Tbh,Ti,O,. Their x-ray-diffraction study finds that the q (A
measured TfTi,O; sample has approximately 10% disorder
on the metal cation and oxygen sublattices, and the authors FIG. 1. Neutron-diffraction data collected at IPNS from powder
conclude that TTi,O, is an imperfect pyrochlore. The sz_Ti207 at _45 Kas a fu_nction of the _momentur_n transfermhe
study we report below was motivated by this result and at—SOIE curve is the best fit from the Rietveld refinement with the
tempts to definitively answer the question of lattice imper-Fd3m structure. The bottom curve shows the difference between
fections in ThTi,O;, a significant parameter in any model the measured and calculated intensities.
that would successfully describe the magnetic nature of . ) ]
Th,Ti,O;. cry_stal structure properties and especially for any possible
The present work reports neutron powder-diffractionCation antisite disorder. _
(NPD) measurements of the average structure, and carefully FOr XAFS measurements, the polycrystalline,TigO,
considers the thermal dependence of the mean-squared dig@mple was reground and passed through a.@0sieve.
p|acement parameters as a means of Separating the no-ﬁbe Sleve-d pOqur was Unlformly dlStrlbU.ted over a:dheSive
Debye (presumably staticcomponent of any positional dis- t@P€, cut Into strips, and stacked to obta|_n absorption edge
order. In addition, the x-ray absorption fine-structi&FS) ~ Steps of 0.8 absorption lengths at the Kiiedge and 1.0
technique is used to check for disorder in the local environ@bsorption lengths at the Thy, edge. Samples were then
ment around Th and Ti atoms, and in particular for the kindPlaced into a LHe-flow cryostat. Transmission XAFS data
of B-site correlated disorder that occurs inMo,O,. Fi-  Were collected at the Stanford Synchrotron Radiation Labo-
nally, the results from the two techniques are combined tdatory (SSRL. Tb L-edge(7515 eV data were collected
determine to what degree correlations exist between sever@ beam line 4-3 with a 1/2-tuned (320 double-crystal
atom pairs. monochromator. TK-edge(4965 e\ data were collected on
The rest of this paper is organized as follows. Sampld€am line 2-3 with a 1/2-tuned $i1) double-crystal
preparation and experimental details are in Sec. Il. Datdhonochromator.
analysis procedures and results are reported in Sec. lll. Con-

Intensity (arb. units)

sequences of these results, comparisons to previous measure- IIl. RESULTS
ments, and further discussion are in Sec. IV, and the final ) o
conclusions are in Sec. V. The rare-earth oxide pyrochlores crystallize in the space

groudegm as mentioned above, with four crystallographi-
cally independent sitefA®" in position 1@l at (3,3,3),
Il. EXPERIMENTAL DETAILS B** in 16¢c at (0, 0, 0, O(1) in 48f at (x,%,%), and G2) in

Polycrystalline ThTi,O, was prepared by a conventional 8b at (3,3,2)*3]. The position of the 4Bsite is defined by
solid-state reaction in the same manner as in Ref. 15, namelgnly one variablex which is sensitive to lattice effects, in-
by firing stoichiometric amounts of B, and TiG, at  cluding the absolute size and the relative difference in size of
1350° for several days with intermittent grindings to ensurethe metal ions, as well as to various forms of disofder.

a complete reaction. The neutron-diffraction measurements The neutron-diffraction data were analyzed with a Ri-
were performed on the time-of-flight Special Environmentetveld method using the General Structure Analysis System
Powder-Diffractometer(SEPD instrument at the Intense refinement packagé.Figure 1 shows the 45 K data together
Pulsed Neutron Sourd¢PNS) at Argonne National Labora- with the best refinement and the residual, shown at the bot-
tory and on the C2 diffractometer at the NRU reactor attom. No additional peaks, associated with either a second
Chalk River Laboratories. The ground powder was packed iphase or a magnetic unit cell, were observed over the whole
a vanadium can and cooled in a displéRNS) or a helium-  temperature range from 4.5-600 K. However as previously
bath cryostatNRU). A Si(113) crystal was used at the NRU reported:®> an anomalous background due to short-range
reactor to produce a monochromatic neutron beam with aagnetic correlations was observed at the lowest tempera-
wavelength of 1.3283 A. The large difference in the scattertures. The atomic displacement parameters of all atoms were
ing lengths, in particular, the negative scattering length ofassumed to be isotropic during the fitting process since no
titanium, creates a large contrast with the terbium scatteringmprovement in the refinement was obtained by using aniso-
This contrast allows for an accurate determination of theropic parameters. This is in contrast tgaMo0,0,, where
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TABLE I. NPD fit results to IPNS data from Tii,O; using theFd3m space group. Reported values are
from fits at 45 K, except for the Debye fit results, which are over the full temperature range of the data
(45-600 K. Static disorders were obtained with the Debye model fit shown in Fig. 2. All site occupancies
are fixed at unity.

General fit characteristics:

Banks included +145°+90°

Total data points 8792

Total measured reflections 362

Number of variables 94 for background

Reducedy? 1.802

Rp(%) 6.90

WRp(%) 4.51

Atom X y z u, (A) Op (K) Ui (A2
Th 1/2 1/2 1/2 0.001@) 220110 0.000&7)
Ti 0 0 0 0.00284) 610(50) 0.001512)
0(1) 0.3285%1) 1/8 1/8 0.003®) 760(30) 0.001@12)
0(2) 3/8 3/8 3/8 0.003®) 980(80) 0.00812)
a 10.1331512) A

Th-O(2)-Th 109.471)°

Tb-O(1)-Tb 106.413)°

Th-O(1)-Ti 106.412)°

Ti-O(1)-Ti 132.125)°

anisotropic parameters for the\ site were deemed pelow it: p=3w? w3. The Debye temperature is then just
necessar$® The results of the refinement are summarized iNg=% wp/ks. Note that zero-point motion exists such that
Table 1. The pOSSlblllty of antisite disord@jte interChange even in the absence of a static Oﬁsﬁfhermal is not zero at
between Th and Ti atomsvas also considered, such as thatT=0, and is, in fact,
could occur if the system had a propensity toward a fluorite-

like structure?®2"We find no evidence for any such disorder,
and place an upper limit of 2% on metal-site mixing. Simi-
larly, we performed fits allowing the oxygen occupancy frac-
tions to vary, including the possibility of oxygen on the

no_mlnally vacant & site. Th_e_se measurements provide NO%on of the presence of statioonthermal disorder in a sys-
ewdgnce of excess or def'c'ef‘t oxygen compa_red to thrE’em. The temperature dependence of tifeparameters is
nominal pyrochlore structure within an upper limit of 2%. yaoscribed well by the Debye model as shown by the fits in
Both of these limits are consigerably lower than the disordeg;ig_ 2. In Table | we summarize these fits. T, param-
reported by van de Veldet al: _ eters are negligibly small at all atomic sites, and the Debye
Figure 2 shows the mean-squared q[splacenle?rltsr all  temperatures are appropriate for the elements they represent.
four crystallographic sites and the positional parametes a Investigations of the local environment around the metal
function of temperature. No structural anomalies, within UN-ions were performed using temperature_dependent XAFS
certainty, were observed. The’s for each site were fit with  apove the TH.,, edge and the TK edge. XAFS oscillations
a thermal model, including a temperature-independent offsetccur above a core-level x-ray absorption edge, and are due
) , ) to the interaction between the outgoing pho;oelectron from
Unead T) = UStatict Uthermal T) - (1)  the absorbing atom and the component of this photoelectron
that is backscattered by neighboring atoms. The oscillations
The temperature-dependent part of the mean-squared digre periodic in the pair distanceand the photoelectron wave
placement parametensg,,o(T) is given in general by a numberk=\2m(E—Eg)/%, whereE is the incidentx-ray

ﬁZ
AmkzOp "

The temperature-independent offset in addition to this zero-
point motion,u?,., when observed, can be a strong indica-

utzherma(T: 0) =

collection of quantum harmonic oscillators: energy andg, is the energy at the absorption edge. XAFS
analysis gives information about the radial distance distribu-
2 = i % ﬁ_w d_w 2 tion around the absorbing atomic species. In particular, pair
Uthermaf T) = 2mJo p(w)cot 2kgT) o’ 2) distances; and pair-distance distribution Widthﬁz can be

obtained for the first few atomic shelisout to about 5 A.
wherem is the atomic mass anal is the phonon density of These XAFS data were analyzed using thsvxars
states at the given site. In the Debye model, the density gbackage?® First, the XAFS functiony=u/uo—1 is ex-
states is empty above a cutoff frequenoy and quadratic tracted after determining the atomic background absorption
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0.010f 20t (a) Tb L,-edge

~5 0.0051
> 8, =220 £ 10 K

0.0

<~ 0.006

"> 0.003 8, = 610 50 K

0.010
<< 0.008
o, 0.006

0.004

X

0.328 . L]

0.327 . . . *

= 10.18F (¢) . . FIG. 3. XAFS data at 20 K measured above theTb L5 edge

> }815 r .ot and(b) Ti K edge as a function of photoelectron wave nuniber
A4 o e

100 ?O?K) 200 from the regular Debye model, the reduced massf the
atom pairs is used, and the phonon density of states for a
FIG. 2. Mean-squared displacement paramaiéssfor the four  given pair at distanc® is given by
crystallographic sites of Tii,0; as a function of temperature are
shown in panels(a)—(c). The data were collected at the IPNS

T T T 1
—
o
~—
ol
L]

(closed symbogland the NRU reactdiopen symbal Solid lines are _ 3w? B sin(wR/c) 3
best fits using a Debye modglee Table)l Panelqd) and(e) show p= w% oRlc |’ ©)

the temperature dependence of the positional paranxetérthe

O(1) oxygen (48 site) and the lattice parameter respectively. )
where wp is the usual Debye cutoff frequency arc

Mo, obtained with theswxAFs programAuToBK by passing =wp/kp. The Debye wave vector is given bkp

a cubic spline through the absorption data, The k-space = (67%/V)'3 whereV is the mean volume per atom in the

XAFS data for both measured edges are shown in Fig. 3naterial. The expression in brackets of Eg) takes into

Multiple scans were obtained at each edge and temperaturéccount the correlated motion of the atom pair. This model

with excellent reproducibility. fits the temperature dependence of the measurésl well
Figure 4 shows the magnitude and the real part of théFig. 5 with only negligible static displacement&;;s as

Fourier transformed XAFS for both edges. Note that the

peaks are shifted on tfreaxis from their true bond lengths ! !
due to the phase shift of the backscattered photoelectron. @ | m Ly—edge I
This phase shift, as well as other details of the complex l I
backscattering function, differs for each atomic species, al-
though they are well approximated by the theoretical treat-
ment provided by theerrscode?® Detailed fits are therefore
necessary to obtain quantitative information. Solid lines
show the best fit of a multiple shell model that assumes full
occupancy of each of the sites, but allows thend the(ri2
parameters for each shell to vary, with some exceptions. In
particular, the Th-Ti and Tb-Tb pairs near 3.60 A are con-
strained to have the same pair distance, as are the Ti-Ti and
Ti-Tb pair distances. The fit results are given in Table Il and
Fig. 5. Additional details of the XAFS analysis and the de-
termination of the uncertainty of parameters have been given

8,30
elseWherZé- FIG. 4. Magnitude of the Fourier transformé@T) XAFS data
The ¢? data were analyzed analogously to the NBD from Fig. 3(thick-dotted linesand the real part of the XAF@hin-

parameters described above, except thedrelatedDebye  dotted lineg as a function of distance from the probe atoxas,Tb
modef>*® was used to account for correlated motion/L, edge and(b) Ti K edge. XAFS data in the range of

displacements of the atom pairs. This model & is the  4.0-13.0 A are used for the Fourier transform with a 0.5%&
same as the Debye modgtgs. (1) and (2)] except that a wide Hanning window. Solid lines are the best fits and the vertical
correlated-Debye temperatufe.y is used to differentiate lines indicate the fit regions.
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TABLE Il. XAFS fit results at 20 K. The overall amplitude reduction fact&fswere determined to be
0.969) for the ThL,-edge fits and 0.86) for the Ti K-edge fits. The number of fit parametéi® and 13,
respectively is much less than the number of independent data points determined by SterriRealil81)

(19 for each. N is the coordination number for the fully occupied model. Bond lengths of atomic pairs
determined using XAF®) are compared to the NPD resultgfp) at 45 K. The correlated-Debye tempera-
tures® ., and the temperature-independent offsets,,;. were determined by fitting with a correlated-Debye
model (Refs. 32 and 3Bover the measured temperature ra@@—300 K. The correlation parametef is

given by Eq.(4).

Atomic pair N r (&) raep (A) Op (K) Zatic (A?) ¢

Th-O(2) 2 2.1996) 2.19396) 875170 —0.0002(7) 0.607)
Tb-O(1) 6 2.49G9) 2.49587) 450(20) 0.00045) 0.187)
Th-Ti 2 6 3.5986) 3.5831) 30020 —0.0004(8) 0.401L5)
Th-Tb? 6 3.5986) 3.5831) 26911 —0.0003(3) 0.680)
Ti-O(1) 6 1.98%7) 1.96995) 60050 —0.0009(10) 0.6()
Ti-Ti © 6 3.5967) 3.5831) 500(60) —0.0005(7) 0.568)
Ti-Th® 6 3.5967) 3.5831) 300(15) —0.0003(5) 0.3610)

&Tb-Ti and Tb-Th bond lengths constrained together.

bTi-Ti and Ti-Th bond lengths constrained together.

shown in Table Il. This lack of pair-distance disorder agreesiigh quality of the fits, the low estimated errors, and the
well with the lack of positional disorder determined from the temperature dependence of the mean-squared displacement

NPD results above.

parameters. These data thus strongly support the conclusion

A Tb/Ti site interchange model was also considered formade by previous authors that i, 05 is an excellent labo-
these XAFS data. However, XAFS is insensitive to such siteatory to study the effects of geometric frustration in the
interchange in this system because correlations in the fitshsence of lattice disorder.
between the(nominally samg Th-Th and Tb-Ti pair dis-
tances(as well as the Ti-Tb and Ti-Ti distandesheir o-’s,
and the alleged interchange render the results inconclusiveniques used to measure the structure or to produce the

IV. DISCUSSION

The discrepancy between our results and those of van de
Veldeet al?? must be attributable to either the different tech-

sample. Since powder x-ray diffraction should be able to
distinguish the cations, we must assume that the synthesis
method used by van de Veldet al, namely, preparing

The primqry rgsult of the above measurements is that thepbz-l—izo7 by the citrate method from Ti@H), and a solu-
Th,Ti,O; lattice is extremely \_/veII orde_red, both on averageiion of Th,O, in nitric acid, results in an imperfect pyro-
(NPD) and locally (XAFS). This result is supported by the cpore |attice. This situation is not inconceivable, since con-

(a)
0.010F

o (Az)

o Tb=Ti(8, =
. Ti—TbEeﬁg

150
T (K)

250

FIG. 5. Debye-Waller factos? as a function of temperaturé)
Tb-Ti and Ti-Tb pairs, andb) Th-O(1), Tb-O(2), and Ti-Q1) pairs
determined at Tlh.; edge and TK edge. Solid lines are the best fits
with the correlated-Debye modg@lee Table Il Ti-Ti pairs are omit-

ted for clarity.

siderably lower temperatures and shorter times are used in
this rlnsethod compared to the solid-state reaction method used
here:

Very recently, Lianet al.™” reported an x-ray diffraction
study of the entire REIi,0;, (RE=rare-earth series. Al-
though they do not focus on 3bi,O; or on the detailed
search for lattice disorder presented here, they report a room-
temperature x parameter for the oxygen #8site of
0.32815), which is consistent with our measurement of
0.32791), but not with the value of 0.312) (Ref. 34 found
by van de Veldeet al??> A value of x~0.328 is, however,
consistent with that found in the BRE,O, seriest* while a
value less than 0.32 is a gross deviation. As noted earlier, this
parameter is very sensitive to lattice distortions, which could
be due to antisite disorder, oxygen excess or deficiency, etc.
In fact, Minervini et al find that the theoretical ideal value
for x given no lattice disorder is-0.3278, in excellent agree-
ment with our measurements and those of L&ral. This
agreement, together with the fact that Liatnal. used a flux-
growth synthesis technique and obtained similar results to
those presented here, is therefore consistent with our inter-
pretation that the main reason van de Vekteal. found
Tb,Ti,O; to be an imperfect pyrochlore is the synthesis

|l4
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method, not the measurement technique, nor is the disordeg to why, for instance, 0,0, exhibits distortions while
generic to the material itself. Th,Ti,O;, does not. lonic-size arguments are marginally

There are a few interesting points to note about the mearuitful, since the ionic-size ratid for Th,Ti,0; (ra/rg
sured structure and its vibrational properties. One is that the-1.72) is rather different from that for 10,0, (ra/rg
single-site Debye temperaturésom NPD) do not scale as =1.57). However, both of these values fall well within the
expected in a Debye solid, that is, by the square root of theange 1.46-1.80 typical of the pyrochlorésOn the other
ratio of their masses. In this way, one sees that the Tb atomigand, the negligibly small amount of static disorder on all
vibrations are governed by much softer phonons than the Tatomic sites and between all near-neighbor pairs might sug-
atoms[ Vmy; /mp,® p(Ti) ~ 330 K, while @p(Thb)=220 K].  gest that the interaction of corner sharing spins is not strong

Another aspect to consider is the correlated displacementnough to distort the atomic sites, as has been conjectured
of the atom pairs. Since we have both neutron-diffraction andor Y ,Mo0,0,.'°This explanation is supported by the rela-
XAFS measurements, we can extract the correlations byvely small Curie-Weiss temperature of-—19 K in
combining the results from both techniques. The instantaTh,Ti,0,, compared to~ —200 K in Y,Mo0,0,.%

neous distanca FAB between two atom4, B is equal to the
difference of the instantaneous displacements of the indi-

vidual sites,Af s~ Arg. Taking o2g=(Ar2g), u=(Ar2), V. CONCLUSION

anduaUg=(Ar,-Arg), we then have We have examined the bulk and local structure of the
) 5 spin-liquid pyrochlore TkTi,O,; by powder neutron diffrac-
Oag=UpTUg—2dUpUg. (4 tion and XAFS at the TH.,, and Ti K edges. These data

The correlation coefficients describes the motion or dis- indicate a high degree of crystalline order, suggesting that
placements of an atom relative to the other atom, taking th&"iS compound forms a perfect pyrochlore lattice with no
values+ 1 for two atoms moving together in the same direc-Intersite mixing or anion disorder. Further.more, analysis of
tion, —1 for the atoms moving in fully opposite directions, the temperature dependence of.the atomic displacement pa-
and 0 for uncorrelated motion/displacements. Tdie of ram_eters_and .mean—s_quared. Q|splacements shows that the
Th,Ti,O; at the lowest temperature extracted from theStatic lattice disorder is neghglble. Analysis of 'the D.ebye.
XAFES and diffraction measurements are summarized if€mperatures and the correlations between various site dis-
Table II. The motions of the two @) oxygens located at placements show that, vibrationally, the Tb and Ti sublattices
~2.2 A from the Tb atom and the six(D oxygens located are partially dec_:oupled and that the_m_ore plentiftﬁllx)at—
at~2.0 A from Ti atom are correlated in the motions to Th °™'S areé more tightly bound to the Ti sites. This (;ompound,
and Ti, respectively, withp of ~60%. It is somewhat sur- with its near absence of local and bulk structural disorder and

prising that their motions are not more highly correlated with2ntiferromagnetic nearest-neighbor interactibitSis there-

such short bond lengths, especially compared to, say, th:?re an appropriate system tO.StL.‘dy. the elusive three-
imensional, low-temperature, spin liquid.

copper-oxide superconductarsMore interestingly, the Th-
O(1) pairs are nearly uncorrelated in their motions, witkh a
of only 0.2. Therefore, the motions of the(1) atoms are
governed mainly by the Ti sublattice, and not by the Th
sublattice. This result is consistent with the Tb sites exhibit- It is a pleasure to thank A. Cull and I. Swainson for their
ing softer phonons than expected from the Ti vibrations.  assistance with the experiments at Chalk River, and S. Short

Given these vibrational properties, one should considefor her assistance with the experiments at the Intense Pulsed
the charge distribution in the various ligands. One simpleNeutron Source(IPNS). Work at Lawrence Berkeley Na-
method is to determine whether the bond-valence $uifos  tional Laboratory was supported by the Director, Office of
the Tb and Ti oxygen environments correspond to the exScience, U.S. Department of Ener¢OE) under Contract
pected values oft+ 3.0 and+4.0, respectively. Indeed, we No. DE-AC03-76SF00098. Work at Brookhaven National
obtain +3.01 and+ 3.95 from the NPD data, indicating that Laboratory was supported by the Division of Material Sci-
the charge is distributed as expected, given the measurezhces, DOE, under Contract No. DE-AC02-98CH10886.
coordination and bond lengths. Therefore, the measured ladkeutron-diffraction data were collected at the Chalk River
of correlation between Th and(D atoms and the soft Tb Laboratories NRU reactor and at the IPNS, which is funded
phonons are most likely a generic feature of a well-orderedy the DOE, Office of Basic Energy Sciend&3BES, Ma-
pyrochlore lattice, such as ;Mn,0,, or any of the other terials Sciences, under Contract No. W-31-109-Eng-38.
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